Introduction
[2] East Gondwana, comprising India, East Antarctica, Australia, Madagascar, the Seychelles, and other microcontinental blocks, separated from Africa in the Mid-Jurassic [Eagles and Konig, 2008; Konig and Jokat, 2010; Royer and Coffin, 1992 ]. Australia and Antarctica were then left behind as the remainder of East Gondwana diverged from the Early Cretaceous [e.g., Johnson et al., 1980; Li et al., 1996; Mihut, 1998 ]. The complexity of East Gondwana breakup, volcanic overprinting from the Kerguelen plume, and a lack of geophysical data particularly offshore southwest Australia and East Antarctica, leaves the early Indian Ocean opening history as a source of controversy in Mesozoic plate tectonic models.
[3] In the Early Cretaceous, the separation between Greater India (referring to the original extent of continental India, including the part now deformed in the Eurasia-India collision) and East Gondwana created the seafloor offshore East Antarctica (Figure 1 ) and West Australia (Figure 2 ), which were then a continuous continental block undergoing slow continental rifting (possibly initiating as early as 160 Ma). Australia and Antarctica remained as such until the latest Cretaceous-Paleocene (~100 Ma), when renewed rifting culminated in the formation of~50-120 km of transitional crust on the Australian flank (Great Australian Bight and Eucla Basin) and finally seafloor spreading from 83-79 Ma, as per the interpretation of seafloor-spreading magnetic anomaly 33 [Sayers et al., 2001] .
[4] The Enderby Basin (Figure 1 ) formed between East India and East Antarctica and retains vital information to constrain the early motion of India, but it suffers from "noisy" data and a lesser amount of studies due to its location. Magnetic anomalies and older fracture zones are particularly difficult to interpret due to the masking effects of volcanic output from the Kerguelen Plume and the onset of the Cretaceous Normal Superchron (CNS) soon after opening, which restricts the interpretation of magnetic anomalies. An accurate model for the formation of the West Australian margin can help
Study Area and Previous Work
[6] The Enderby Basin is situated along East Antarctica's margin between Gunnerus Ridge in the west, Princess Elizabeth Trough in the east, and the Kerguelen Plateau in the northeast (Figure 1 ). The basin contains several north to NNE trending fracture zones originating from the Antarctic margin. Some terminate abruptly at the Kerguelen Fracture Zone (KFZ, Figure 1 ), while others terminate~500 km south free-air satellite-derived gravity anomalies along the East Antarctic margin. Black dashed line represents the onset of rapid seafloor spreading at~43.8 Ma [Müller et al., 2000a] . The Kerguelen Plateau outline [Coffin and Eldholm, 1994] is shown in red. Black stars indicate ODP leg 183 sites 1137 (Elan Bank) and 1136 (South Kerguelen Plateau), with minimum ages indicated. free-air satellite-derived gravity anomalies of the West Australian margin. Seafloor along the West Australian margin was the northward continuation of Enderby Basin seafloor, prior to Australia-Antarctica rifting. ZP is the Zenith Plateau, WP is the Wallaby Plateau, NP is the Naturaliste Plateau, WZFZ is the Wallaby-Zenith Fracture Zone.
of the Conrad Rise. The only discernible fracture zone further east is the Vincennes Fracture Zone located at the eastern edge of the Bruce Rise (Figure 1 ). Running northeast of the Bruce Rise and Kerguelen Plateau is a tectonic boundary marking the onset of rapid seafloor spreading between Australia and Antarctica (thick dashed line, Figure 1 ).
[7] The Kerguelen Plateau (Figure 1 ), at the northeast extent of the Enderby Basin, is identified as a plume-related igneous province active from~120 Ma [Coffin et al., 2002] . Mantle plumes are associated with continental breakup [Richards et al., 1989] and the Kerguelen Plume has been linked to the breakup of East Gondwana, the formation of the 132 Ma Bunbury Basalts of southwest Australia [Frey et al., 1996] , the 118 Ma Rajmahal Traps in northeast India [Kent et al., 2002] , and the~115 Ma ultramafic lamprophyres from the East Antarctic margin [Coffin et al., 2002] . The Kerguelen Plateau was initially identified as a large igneous province [Duncan, 2002; Watkins et al., 1974] , but there is also evidence of geochemical contamination by continental material [Frey et al., 2002] . A recent study summarizing all available data for the Kerguelen area, including initially subaerial sedimentary deposition along the southern part of the plateau, concluded that at least the southern portion of the Kerguelen Plateau contains stretched continental fragments [Bénard et al., 2010] . The Elan Bank (Figure 1 ) is a promontory jutting out west from the tip of the South Kerguelen Plateau. The Ocean Drilling Program (ODP) and seismic data indicate it may be a microcontinental fragment, underlying the Kerguelen volcanic carapace, and the absence of older sediment on its shallower parts suggests that it remained above sea level until at least Maastrichtian time [Borissova et al., 2003 ].
[8] Magnetic anomalies in the Enderby Basin have previously been identified as a single flank formed from 134 Ma/M11 to 120.4 Ma/M0, at a half-spreading rate of 6.5 to 2.8 cm/yr [Ramana et al., 2001] , the same anomalies were also identified by the same study in the Bay of Bengal, conjugate to the western Enderby Basin. Another study identified a conjugate set of seafloor-spreading anomalies in the eastern Enderby Basin from 130 Ma/M9 to 120.4 Ma/M0, at halfspreading rates of 3.9 to 0.8 cm/yr . This conjugate sequence of anomalies, reflected about an extinct ridge, supports the ODP and seismic interpretation that Elan Bank was a microcontinent, in this case transferred to the Antarctic plate~120.4 Ma via a ridge jump. When combined with a model for the West Somali Basin (Figure 3 ) that featured seafloor spreading until 120.4 Ma/M0 [Cochran, 1988; Gaina et al., 2003] , the tectonic reconstruction by Gaina et al. [2007] introduced over 600 km of sinistral followed by over 500 km dextral (two-way) strike-slip motion between India and Madagascar. This two-way strike-slip motion is due to the coeval seafloor spreading in the Enderby and West Somali basins, moving India against Madagascar. New aeromagnetic data from east of Gunnerus Ridge (Figure 1 ) suggests that the western Enderby Basin seafloor formed during the CNS , but the study did not provide a tectonic reconstruction. This area, between India and Antarctica, has been cited as the full-fit location of Sri Lanka prior to breakup [e.g., Lawver et al., 1998; Powell et al., 1988] . If combined with the West Australian margin model [Gibbons et al., 2012] , the interpretation of Jokat et al. free-air satellite-derived gravity anomalies showing the anomalous tectonic features in the North and West Indian Ocean; seafloor along the East Indian margin was conjugate to the Enderby Basin (LP is Laccadive Plateau, SL is Sri Lanka and SB is Saya de Malha Bank).
Sri Lanka remaining fixed to India for that time, demonstrating the difficulties of combining seafloor-spreading models from different oceanic basins ( Figure 5 ).
[9] The western Bay of Bengal, near Sri Lanka (Figure 3) , is conjugate to the East Antarctic seafloor, but it is mostly obscured by the thick sediments of the Bengal Fan. Seafloorspreading anomalies M11 to M0 were also identified south of Sri Lanka [Desa et al., 2006] , but their conjugate seafloor would be located just east of the Gunnerus Ridge (Figure 1 ). Southeast-trending fracture zones are discernible in the marine gravity grid within~500 km of Sri Lanka, where the Bengal Fan sediments are thinner. The fracture zones terminate abruptly along a ridge branching southwest from the southern part of the 85 E Ridge (~6 N/86 E), leading to the Afanasy Nikitin Seamounts (Figure 3 ).
Data and Methodology
[10] We apply the West Australian margin model to the breakup and early spreading history between India and Antarctica in order to reinterpret a set of constraints from the Enderby Basin with increased confidence. We use the satellitederived free-air gravity anomaly grid [Sandwell and Smith, 2009 ] to interpret fracture zones. We adopt recent studies that outline the continent-ocean boundary (COB) for Antarctica east of the Bruce Rise [Williams et al., 2011] and west of the Bruce Rise . We analyze GEODAS (Geophysical Data System) data from the National Geophysical Data Centre. All magnetic anomaly ship track data were smoothed by high-pass (300 km) and low-pass (10 km) filters to remove electromagnetic field disturbances and noise. We make magnetic anomaly identifications by comparing magnetic anomalies from selected ship track profiles ( Figure 7 ) against a synthetic model of seafloor spreading created using Modmag [Mendel et al., 2005] . Table 1 outlines the parameters used for the synthetic models. We use the time scale of Gradstein et al. [1994] for Mesozoic anomalies. Sea floor spreading rates and plate motion is constrained by the rotations [Gibbons et al., 2012] , for rotations between Greater India and West Australia [featuring rotations between Antarctica and Australia from Whittaker et al., 2007] , with the post-CNS West Enderby Basin interpretation . This reconstruction would necessitate compression or a subduction zone at India's southern margin for Sri Lanka to come to its present-day location relative to India, which is not evident. Coastlines are filled in gray, continent-ocean boundary is filled in yellow, and thin red lines indicate location of isochrons from this study, east of Madagascar. derived from the West Australian margin study [Gibbons et al., 2012] . Full-spreading rates were~61 mm/yr, which is near the slow end of intermediate, yet no median valley can be observed in the almost-smooth axial gravity character of the Enderby Basin.
Magnetic Anomaly Interpretation
[11] We pick the young end of normal polarity intervals and identify magnetic anomalies M4 (126.7 Ma), M2 (124.1 Ma), and M0 (120.4 Ma) about an extinct ridge running parallel to and midway between the Elan Bank and the Antarctic continent-ocean boundary (Figure 6 ). Figure 7 shows the stacked plots of our interpretation of selected tracks compared to our synthetic model. Seafloor near the southern margin of the Elan Bank, where high-amplitude magnetic anomalies and abnormal seafloor topography and gravimetry indicate that off-axis volcanism took place (Figures 6 and 7) , is identified as CNS.
[12] We identify an extinct ridge (dashed black line) between Elan Bank and the Antarctic margin as an axis of reflection between the magnetic anomalies (thick line), gravity profiles (thin line), and ship track bathymetry profiles (dashed line). We outline a pseudofault/northwest Elan Bank boundary, according to the faint lineation visible in the marine gravity grid off East Antarctica and the Bay of Bengal (Figures 6 and 8 ). This pseudofault corresponds to the ENE propagation of a ridge segment from the western Enderby Basin into the Indian continental margin, transferring the Elan Bank tectonic block from India to Antarctica, as spreading between Elan Bank and Antarctica ceased. Our extinct ridge is located~40 km further north to that of Gaina et al. [2007] , and also became extinct later, 115 Ma. Not all of the oldest Indian seafloor was transferred to Antarctica during the reorganization, such as the seafloor <1000 km NE of Sri Lanka.
Constraints from Margin Geometries and Seafloor Fabric
[13] Robust plate tectonic models are built on regional constraints so that excessive misfit and unlikely plate motion is avoided. This is particularly significant for Greater India, which was constrained to depart East Gondwana by navigating a corridor surrounded on three sides by Antarctica, Australia, and Madagascar. Our magnetic anomaly interpretations are formulated to avoid overlaps or gaps between the Indian and Antarctic plates when combined with the rotation poles from a recent West Australian margin study from North, overlain on 1 min satellite-derived freeair gravity field. Thin black lines show the selected, representative magnetic anomaly profiles used for Figure 7 . Thick dotted black line shows the extinct ridge surrounded by our interpreted conjugate isochrons M0 (thick black line), M2 (thick brown line) and M4 (thick red line), black dotted line shows the COB. Identification of marine magnetic anomalies, picked at the young end of normal polarity, is shown in the map key. Yellow stars indicate the location of drill sites, shown with minimal ages.
[ Gibbons et al., 2012] . Having tested several magnetic anomaly interpretations, we are confident that this outcome provides the best solution for seafloor spreading between Greater India and East Gondwana (Australia and Antarctica) when combined with the West Australian margin study. This model incorporates minor motion between these plates prior to 136 Ma to accommodate NW-directed rifting within East Gondwana in a direction roughly orthogonal to the future East Indian and West Australian margins but focused about a western pivot near Sri Lanka. The rifting began sometime in the Mid-Jurassic to Early Cretaceous, as indicated by deposition in the~60 km-wide western Mentelle Basin, east of the Naturaliste Plateau off southwest Australia [Borissova et al., 2010] .
[14] For rotations describing the motion of Greater India relative to adjacent Antarctic and Australian plates, we simultaneously fit magnetic anomaly picks and fracture zones from conjugate flanks in the Enderby Basin, in line with the prescribed Indian-Australian motion [Gibbons et al., 2012] . We visually align coeval magnetic anomaly and fracture zone picks to compute full-stage rotation poles using GPlates [Boyden et al., 2011] . In order to best fit the Enderby Basin potential field data to the West Australian margin model, we incorporate <50 km motion between Elan Bank and India from 116-115 Ma, which we suggest prefaces the NE ridge propagation from the West Enderby Basin, isolating the Elan Bank~115 Ma. We also include and test a recently proposed fit reconstruction for East Gondwana, which shifts the position of Australia, relative to Antarctica,~500 km further east [Whittaker et al., 2007; Williams et al., 2011] . This initial Australia-Antarctic fit is based on a deforming plate model for the conjugate margins, which integrates crustal thickness along tectonic flow lines to give an estimate of the prerift location of the margins. The margins are regionally defined using potential field data as are their "full-fit" poles of rotation, which also incorporate geological structures and large igneous provinces within the Australian-Antarctic plate system. The preferred model implies that the Vincennes and Leeuwin Fracture Zones (Figures 1 and 2, respectively) are conjugate features within Gondwana and are likely related to the earlier rifting of India away from Australia-Antarctica rather than the initial opening between Australia and Antarctica. The Gibbons et al. [2012] model can replicate these conjugate features via the motion of the Naturaliste Plateau, which rifted along with Greater India from~136 Ma, while Australia-Antarctica also underwent rifting [Williams et al., 2011] .
[15] The initial motion of Greater India is constrained to the northeast by the northern limit of the Wallaby-Zenith Fracture Zone (WZFZ, Figure 2) , while, to the southwest, India's motion is constrained by Madagascar. Greater India's motion followed the Wallaby-Zenith Fracture Zone and East Madagascan margins, so any reconstruction of India's motion must be able to recreate their present-day geometries. We rejected the interpretation of older magnetic anomalies (e.g., chron M9) by Gaina et al. [2007] because an earlier northward migration for Greater India causes compression between it and either the WZFZ or Madagascar (Figure 5 ), whose opposing margins either side of Greater India converge toward the north (this effect is exaggerated by the Mercator projection used in Figure 9b ).
Tectonic Model and Discussion
[16] In a full-fit reconstruction, the southeast tip of India and southern tip of Madagascar are aligned and juxtaposed with the northern tip of the Gunnerus Ridge and Sri Lanka (Figure 9a ). There is up to~120 km overlap between their COB's until further east, where the combined crustal extension between India, Australia and Antarctica, and their respective microblocks: Batavia and Gulden Draak knolls (respectively north(east) and south(west) of the Naturaliste Plateau, NP, Figure 9a ), Naturaliste Plateau and Bruce Rise, reached~400 km. This amount of overlap might be thought of as reasonable given the presence of three extended passive continental margins and the existence of numerous, smaller, highly extended microcontinents. Minimal continental overlap in the neighboring area, between the future South Kerguelen and Antarctic margins, might hint that Figure 6 . The synthetic profile is based on the geomagnetic time scale of Gradstein et al. [1994] , using a depth to the top of the magnetized layer of 6 km and a thickness of the magnetized layer of 0.5 km. The oceanic crust was assumed to have been magnetized at 60 south. Where gravity (thin line)/bathymetric (dotted line) highs coincide with unusual or indistinguishable magnetic anomalies, we tentatively interpret potential off-axis volcanism (v). some continental crust does underlie the South Kerguelen Plateau (SKP). We incorporate the Naturaliste Plateau as a microcontinental fragment in our model because evidence of reworked Mesoproterozoic continental crust suggests the Naturaliste Plateau was a Gondwanan fragment that can be linked to Antarctica as a westerm extent of the AlbanyFraser-Wilkes Orogen [Halpin et al., 2008] . Halpin et al. [2008] identify the plateau as a middle-to-lower crustal allochthon, exhumed during hyper-extensional breakup between Australia and Antarctica. A recent palinspastic reconstruction of the Australian-Antarctic margins aligns the Leeuwin and Vincennes Fracture Zones, branching east of the Naturaliste Plateau and Bruce Rise, respectively (Figures 1 and 2) , as conjugate features derived from the opening of India from Australia and Antarctica [Williams et al., 2011] . This is in contrast to a previous study, which identified them as fracture zone counterparts, formed during Australia and Antarctica separation [Tikku and Cande, 1999] . Both the palinspastic and our reconstructions support a model that aligned the Vincennes Fracture Zone with the Leeuwin Fracture Zone, such that they formed as a transform-rift feature at the triple plate junction where India migrated from Australia and Antarctica, and then as conjugate features where the Bruce Rise (Antarctica) and Naturaliste Plateau (India then Australia after~127 Ma; Gibbons et al.
[2012]) separated.
[17] Our model features the Naturaliste Plateau and Bruce Rise as composite Gondwanan continental crust that initially rifted along with Greater India until seafloor spreading was established to their west~127 Ma [Gibbons et al., 2012] . This initial motion is necessary to create the Mentelle Basin, between the Naturaliste Plateau and southwest Australia, whose western depocenter has been correlated with Late Jurassic to Early Cretaceous extension in the Perth Abyssal Plain, sharing similar NS structural trends [Borissova et al., 2010] . After this initial rifting, the Bruce Rise and Naturaliste Plateau remained composite within East Gondwana until Australia and Antarctica rifted apart in the Mid Cretaceous. This timing coincides with the formation of the Central Enderby margin, including the portion that was conjugate to the Elan Bank, which we test as a continental fragment using the previously proposed outline based on [Gaina et al., 2003] . Our model requires up to 50 km of overlap between the Elan bank and Indian COB's before the 115 Ma ridge jump, while the earliest seafloor-spreading anomalies identified in our study formed very close (<20 km) to the Elan and Enderby COB's, as opposed to the earliest seafloor-spreading anomalies~50 km from the West Australian COB, for example. If the Elan Bank is underlain by~14 km of thinned continental crust, and the crustal thickness of East Antarctica is~35 km [Block et al., 2009] , assuming that Elan Bank had an initial crustal thickness similar to that of East Antarctica, it must have been stretched by a factor >2.5, which could help ease our initially tight seafloor spreading/continental overlap between the India, Elan Bank, and Antarctica.
Greater India Migration
[18] Greater India started migrating from East Gondwana following a spreading reorganization starting several hundred kilometers off northwest of Australia~136 Ma [Gibbons et al., 2012] . The new spreading ridge progressively unzipped India from northwest Australia to the western Enderby Basin (Figure 9b ). This implies an anticlockwise motion for India about a southern pivot, at a stage pole located near Sri Lanka, but culminates in minor (up to 30 km) overlap between India and Madagascar~120 Ma (Figure 9b ) following breakup, which is unavoidable given constraints from the West Australian margin model, WZFZ geometry and position of Madagascar, although it could be eased with an even later onset of spreading in the Enderby Basin. This anticlockwise motion forced the seafloor surrounding NW Greater India to form a transform boundary off East Africa (thick red dashed line, Figure 9a and b), reaching north into the Meso-and NeoTethys, while seafloor spreading between Africa and Antarctica/Madagascar continued until~120 Ma, providing space for Greater India's motion. The Owen and Chain ridges (Figure 3 ) could be a remnant of this East African-Tethyan transform fault. Deep sea drilling suggests the Owen Ridge was part of a fracture zone, tilted and uplifted under transpression in the early Miocene from Africa-Arabia rifting [Weissel et al., 1992] . The marine gravity grid highlights the relationship between fracture zones off NE Africa, confirming that the Arabian seafloor spreading occurred after the North Somali and Owen basins formed inboard of Chain and Owen ridges, respectively, causing their separation. Strike-slip motion along the Owen Transform, east of the Owen Ridge, has been underway since the Pliocene Rodriguez et al., 2011] , but the Owen Ridge itself may be older because of the age discontinuity between seafloor in the Cenozoic Arabian Basin [Cande et al., 2010] and older Owen Basin. The Error and Sharbithat Ridges, north and south of the North Somali and Owen basins, respectively, are separated via the Sheba Ridge seafloor spreading [Stein and Cochran, 1985] , and fracture zones to their east appear to link the Owen and Chain ridges. A gabbro dredged from Chain Ridge was dated to a minimum age of 90 Ma [Bunce et al., 1967] , while thermal and gravity modeling of Jurassic (west) versus Cretaceous (east) lithospheric flexure match the geoid step and gravity anomalies [Cochran, 1988] . Africa and East Gondwana breakup has been dated to the Kimmeridgian via magnetic anomalies in the Mozambique and Somali basins [e.g., Konig and Jokat, 2010] .
[19] Seafloor spreading continued to progress southwest, and the Central Enderby margin, conjugate to the Elan Bank, formed from~129 Ma while the eastern Indian and Antarctic COB's, forming the Enderby margin south of the South Kerguelen Plateau (SKP), may have separated earlier, in the Late Jurassic. Geochemical studies indicate that the SKP contains some continental contamination [Bénard et al., 2010; Frey et al., 2002] . There is no available data to outline the extent, if any, of stretched continental material in the SKP so we do not include it in our reconstructions. If it existed, it would have been located southeast of the Elan Bank and may have measured up to 100 km north-south and 600 km east-west, given the margin geometries/space available according to the Gibbons et al. [2012] model at 130 Ma (Figure 9b ), which is similar to the maximum east-west extent of the SKP. If they do both contain continental material, the SKP may have been an extent of the Elan Bank, migrating with India until a ridge jump transferred it to the Antarctica~115 Ma. The location of our extinct ridge corresponds to the axis of symmetry between the M0 isochrons in the magnetic anomaly profiles and is also visible to a lesser extent in the gravity anomaly profiles (Figure 7) .
[20] Our reconstruction accurately reproduces the prominent north to northeast bend in the Enderby fracture zones, such as at the Kerguelen Fracture Zone (KFZ, Figure 1 ). This bend is attributed to India's plate motion changing from NW to NE, relative to Australia and Antarctica, and is also based on constraints from the Wharton Basin, located 1500 km offshore West Australia (Figure 2 ), where the coeval curved fracture zones are located [Gibbons et al., 2012] . The bend in both sets of fracture zones formed from 100 Ma, as the Indian Ocean underwent a major spreading reorganization, also documented at~100 Ma [Müller et al., 2000b; Veevers, 2000] . The~100 Ma onset of relative motion between India and Madagascar best replicates the fracture zones in the marine gravity grid, particularly the KFZ and its Indian conjugate, the 85 E Ridge, as India began to migrate north instead of west. Krishna et al. [2009] suggest that the KFZ and 85 E Ridge are conjugate features and date their inception to~100 Ma, which is consistent with our reconstruction.
India-Madagascar Separation
[21] To match the curved fracture zone trajectories, we initiate dextral-transtensional motion between Madagascar and India following the~100 Ma reorganization, to culminate in diachronous rifting between Madagascar and India, breaching the south at~94 Ma and the north~83.5 Ma. Several plate kinematic models [Besse and Courtillot, 1988; Morgan, 1981; Müller et al., 1993; Norton and Sclater, 1979] date the onset of seafloor spreading between India and Madagascar to chron C34 (83.5 Ma). Seismic stratigraphic studies offshore west coast India do not identify marine sediments earlier than Late Cretaceous-Early Paleocene [Singh et al., 1999] . The extra~10 million years seafloor spreading between southern Madagascar and India implied by our model may have been incorporated into an as-yet unsampled 200 kmwide terrace-like feature adjacent to the southwest Indian margin. Yatheesh et al. [2006] constructed plate reconstruction models to provide an improved fit of the~200 km-wide terrace-like feature near Trivandrum (Figure 3 ), SW India, and subsequently dated India-Madagascar separation to 86.5 Ma. The Trivandrum terrace-like feature was identified as block-faulted continental basement [Rao and Battacharya, 1975] and proposed a conjugate to the northern Madagascar Ridge [Dyment, 1991] , specifically between southern Madagascar and the Madagascar Rise (Figure 3) . Seismic studies show that the northern section of the Madagascar Ridge (north of 32 ) appears structurally complex, yet there are fracture zones penetrating its eastern part [e.g., Goslin et al., 1980] .
[22] Yatheesh et al. [2006] suggest the Trivandrum terrace-like feature could contain thinned continental crust overprinted by the Marion hotspot but point out that this would cause an overlap if the feature existed before the India-Madagascar separation, obscuring evidence for preceding strike-slip motion. They suggest that the crustal thinning occurred later, under the influence of the Marion hotspot, which our model locates beneath the future location of the terrace from~112-105 Ma. Our reconstruction at 86.5 Ma fit (Figure 9d and e) , being similar to that proposed by Yatheesh et al. [2006] , could fit the Trivandrum terrace-like feature, but we suggest that it may have formed betweeñ 100-86.5 Ma as southern Madagascar and India began to rift, stretching the continental crust that would have gradually passed over the Marion hotspot, had it existed between~135-105 Ma. Breakup between India and Madagascar has also been dated to 92-84 Ma by Ar-Ar ages of the rapidly emplaced volcanic rocks and dikes along Madagascar's eastern margin and the U-Pb age of zircons from St Mary Islands off West India [Storey et al., 1995; Torsvik et al., 2000] .
[23] The Seychelles Plateau has been identified as a continental fragment [Besse and Courtillot, 1988; Lawver et al., 1998 ]. The Mascarene Basin (Figure 3) , between Madagascar and the Seychelles, formed during 83.5-61 Ma, before a ridge jump transferred the Seychelles to the Madagascan-African plate [Bernard and Munschy, 2000; Ganerød et al., 2011; Plummer and Belle, 1995] . The oldest magnetic anomalies, initially dated~79 Ma [Schlich et al., 1974] , were revised tõ 83.5 Ma by anomaly 34 with full-spreading rates~55 mm/yr [Bissessur et al., 2010; Norton and Sclater, 1979] . The oldest anomalies are up to 50 km northeast of and subparallel to the East Madagascar margin [Bernard and Munschy, 2000] , which suggests that there may have been some transtensional extension or even seafloor spreading, prior to~83.5 Ma. No anomalies have been identified in the northern half of the basin, by the Amirante Trench and Seychelles Plateau, although the southern half of the basin does contain magnetic anomalies with a conjugate series apparent further east [Bernard and Munschy, 2000] . Magnetic anomalies in the northern half of the basin may have been obscured by volcanic activity associated with volcanogenic sediments, the oldest of which have been dated to the Upper Cretaceous/Paleocene [Schlich et al., 1974] .
[24] The Laxmi Ridge (Figure 3 ), located~300 km offshore West India, has been identified as continental material [Naini and Talwani, 1982; Talwani and Reif, 1998 ]. Multibeam swath mapping of the Laxmi Basin, inboard of the Laxmi Ridge, revealed several seamounts overlying a ridge, located subparallel to and roughly midway between the Laxmi Ridge and West Indian margin [Bhattacharya et al., 1994b] . The former study identified relatively flat summits and dendritic drainage patterns, suggesting the seamounts may have been sub-aerially exposed for a time. The elliptical seamounts and ridge were collinear with the extinct spreading center identified from a magnetic anomaly study of the basin, suggesting that it formed from~83.5-62.5 Ma (anomalies C33-28) with spreading rates that only reached 18 mm/yr for both flanks [Bhattacharya et al., 1994a] . The slowest spreading ridge documented today is the Arctic's magma-starved Gakkel Ridge, with full-spreading rates 12 mm/yr [DeMets et al., 2010] .
[25] Krishna et al. [2006] undertook an integrated geophysical study of the Laxmi Basin, finding a highly irregular topography, shallow basement depth (~2 km) with crustal thickness~14 km, while their magnetic and gravity modeling could match intrusive structures with significant magnetic anomalies, interpreted as seafloors spreading anomalies [Bhattacharya et al., 1994a] . However, the RE-11 profile used by Krishna et al. [2006] to match the symmetric seafloorspreading anomaly profile SK 79-15 of Bhattacharya et al. [1994a] was not at the exact same location but rather located 1 further south. More recent seismic data in the Laxmi basin indicates a crustal thickness of 6-7 km, and basinward (seaward) dipping reflectors were clearly imaged [Corfield et al., 2010] .
[26] Rangarajan [2006] analyzed gravity and composite magnetic anomaly data offshore West India and identified seafloor-spreading anomalies all along the West Indian COB starting at Chron C34 but with a single-sided set of anomalies C30-33 corresponding to the C33-28 conjugate sequence of Bhattacharya et al. [1994a] , finding there was no necessity to invoke a ridge jump. If seafloor spreading did isolate the Laxmi continental fragment, a ridge jump or propagation would have been required to transfer it from the Seychelles to Indian plate, leaving a conjugate set of anomalies between it and the Indian margin. We therefore tentatively adopt the seafloor-spreading model of Bhattacharya et al. [1994a] . Rangarajan [2006] also noted a westerly turn in the magnetic lineations north of 19 N, which we suggest may have been caused by initially oblique seafloor spreading between India and Madagascar, as per our model where seafloor spreading cleaved the margins from SE to NW.
[27] Minshull et al. [2008] assessed wide-angle seismic data from a profile across the Gop Basin (Figure 3 , also known as the Gop Rift), northwest of the Laxmi Ridge, to delineate offshore igneous bodies associated with the Deccan magmatism, and inferred there were two periods of extension. The first extension period formed the Gop Basin, as characterized by thick oceanic crust and underplated adjacent continental margins, and accompanied Pre-Deccan (75-65.5 Ma) volcanism offshore NW India [Calves et al., 2011] . Geodynamic modeling indicates this took placẽ 71-66 Ma above a hot (200 C) mantle layer, which incubated the Deccan material, but the thermal anomaly had subsided before the second extension event, between the Seychelles and Laxmi Ridge,~63 Ma [Armitage et al., 2011] . We suggest that our model can reconcile the initial seafloor spreading offshore west India with the crustal extension further northwest in the Gop Basin because, as oblique dextral-transtensional spreading separated India and Madagascar (possibly via two subparallel close-set spreading ridges, forming the Mascarene and Laxmi basins 83.5-64 Ma), the intervening Seychelles-Laxmi microplate remained close to the NW Indian margin (Figures 9e and f) .
[28] Magnetic data in the Gop Basin suggests that an extinct spreading system exists between the Laxmi Ridge and the India/Pakistan margin [Malod et al., 1997; Yatheesh et al., 2009] . Malod et al. [1997] identified the lineations as C29r-29n (~64.7-63.9 Ma), while Yatheesh et al. [2009] found the anomalies could not be assigned a unique interpretation and accordingly ascribed the lineations to either C31r-25r or as C29r-25r (~68.7 or 64.7-56.4 Ma). The latter study determined full seafloor-spreading rates of <12 mm/yr for the C31r-25r model, which is reasonably comparable to the <18 mm/yr full-spreading rates in the Laxmi Basin, although the latter spreading became extinct later,~62.5 Ma [Bhattacharya et al., 1994a] . The Gop Basin may have been the younger, NW extension of the Laxmi spreading center, where crustal extension preceded seafloor spreading between NW India and the West Somali Basin. More recent magnetic anomaly modeling and Ar-Ar geochronology from the conjugate north Seychelles and Laxmi/Gop margins indicates that spreading along the Carsberg Ridge initiated diachronously, from west to east between~63.4-62 Ma, following the Deccan Traps emplacement~65.5 Ma .
[29] Our pre-breakup fit between India and Madagascar is similar to Torsvik et al. [2000] , where the southeast tip of India lies~250 km north of the southern edge of Madagascar (Figure 9c ). The south-to-north diachronous breakup between India and Madagascar created a wedge of seafloor inboard from the Laxmi Ridge, narrowing to the north, incorporating the Trivandrum terrace of block-faulted continental basement [Rao and Battacharya, 1975; Yatheesh et al., 2006] . The Saya de Malha Bank and Laccadive Plateau (Figure 3 , SB and LP, respectively), as potential continental material [Francis and Shor, 1966] , may also need to be accommodated in our initial fit between the Seychelles/Laxmi microblocks and Trivandrum terrace [Yatheesh et al., 2006] , and we hope to tackle this problem using new "deforming" plate tectonic models, which are currently under construction.
[30] If the seafloor-spreading models proposed for the Laxmi [Bhattacharya et al., 1994a] and Mascarene [Bernard and Munschy, 2000; Ganerød et al., 2011; Plummer and Belle, 1995] basins are correct, then two coeval seafloorspreading ridges created seafloor offshore West India and East Madagascar in a parallel, three-plate system separating India, Seychelles-Laxmi and Madagascar from at least 83.5-64 Ma. After this time, the two mid-ocean ridges, located either side of the Seychelles-Laxmi continental fragment, relocated to form one spreading center (the Carlsberg Ridge) to break up the Laxmi and Seychelles microplates, forming the East Arabian Sea. Such coeval, close-set seafloor-spreading ridges exist in the North Fiji Basin, an anomalously hot mature back-arc basin where a pair of subparallel active spreading centers,~200 km apart, are fuelled by upper mantle convection [Lagabrielle et al., 1997] .
Sri Lanka
[31] Our fit reconstruction for Gondwana places Sri Lanka across the southeastern tips of India and Madagascar, just east of the Gunnerus Ridge (Figure 9a ), where their total COB overlap reaches~50 km between Madagascar and Sri Lanka,~150 km between Sri Lanka and Antarctica, and 100 km between India and Madagascar. This is a reasonable match to the juxtaposition presented by a study which suggests that a distinct high-grade, metamorphic mineralization belt (containing gem minerals and graphite), representing a Neo-Proterozoic geosuture linked to the Mozambique Belt, can be traced through southern India, SW Sri Lanka, SE Madagascar, and the Lützow-Holm Bay area, east of the Gunnerus Ridge [Dissanayake and Chandrajith, 1999] . Previous Gondwana fit reconstructions have featured Sri Lanka in various positions, mainly based on the best geometrical fit between India, Madagascar, and Antarctica [e.g., Crawford, 1974; Du Toit, 1937; Eagles and Konig, 2008; Gaina et al., 2007; Smith and Hallam, 1970] . Katz [1978] fitted Sri Lanka onto the southeast tip of India juxtaposing the Sri Lankan and Southern Indian boundary faults separating the Precambrian from the Cretaceous-Tertiary coastal sediments [Grady, 1971; Vitanage, 1972] . Kriegsman [1994] arrived at a similar fit, positioning Sri Lanka by southwest India and the Gunnerus Ridge, according to the respective Late Proterozoic Mozambique and Lutzow-Rayner orogenic belts. Eagles and Konig [2008] position Sri Lanka much further east, almost reaching the Elan Bank, but this would require over 500 km of dextral strike-slip to transfer Sri Lanka back to its present-day position, and there is no evidence of such strike-slip motion between India and Sri Lanka. Most reconstructions fit Sri Lanka by the southeast tip of India [e.g., Acharyya, 2000] , although it has been positioned further south, requiring sinistral then oblique strike-slip to locate it to its present-day location [e.g., Gaina et al., 2007] .
[32] Our model cannot match the recently identified CNS age for the seafloor just east of the Gunnerus Ridge . If seafloor spreading here started later thañ 124.1 Ma, it would have caused~200 km of extension between India and Sri Lanka (Figure 4 ), when combined with the regional tectonic model for India's relative motion to Antarctica [Gibbons et al., 2012] . This would result in subsequent convergence to place Sri Lanka into its present position relative to India, a scenario that can clearly be ruled out. Instead, we apply a Euler rotation to Sri Lanka betweeñ 126 and 116 Ma so that Sri Lanka fully unzipped from India just before seafloor spreading isolated the Enderby Basin~115 Ma. The coherence of seafloor-spreading magnetic anomalies can be reduced if they formed near oversedimented spreading ridges [Levi and Riddihough, 1986] . We argue this could be applied to the basin east of the Gunnerus Ridge, which was initially proximal to several continental margins, including the strike-slip margin between India and Madagascar, and the post-rift sediments off west Enderby Land reach up to 6-8 km in thickness [Stagg et al., 2004] . The Sri Lankan plate motion is hinged at Jaffna (northernmost Sri Lanka) and is designed to avoid more overlap between Sri Lanka and Antarctia or the West Enderby seafloor (Figure 9b ) because India was moving away from Antaractica roughly as fast as Sri Lanka was separating from India.
[33] We also use the marine gravity grid to tentatively identify the bend in the continent-ocean boundary around southeast Sri Lanka to be conjugate to the bend in the continent-ocean boundary southeast of the Gunnerus Ridge. We propose that these shapes formed by extensional (mauve line, Figure 8a ) and oblique (navy line, Figure 8a ) motion, as Sri Lanka separated from the Gunnerus Ridge at~126 Ma and then rotated 45 anticlockwise until~116 Ma (Figure 9b ). Our rotations for Sri Lanka avoid gaps and overlaps between the Sri Lankan and Madagascan COB during sinistral strikeslip motion between India and Madagascar~130-120 Ma. A reason for Sri Lanka detaching from Antarctica could reflect an attempt of seafloor-spreading corridors to connect between the Enderby Basin and further west of the Gunnerus Ridge, where the Mozambique Basin (Figure 3 ) and conjugate RiiserLarsen Sea were forming since Jurassic time [e.g., Eagles and Konig, 2008; Konig and Jokat, 2010] .
[34] In its present-day position, Sri Lanka is offset from the southern Indian margin by the Mannar Basin to the west and by the Cauvery Basin/rift zone to the northeast. Seismic and gravity modeling show that the East Indian margin is composed of six tectonic segments-the Cauvery rift zone, as the southwesternmost segment, formed via orthogonal faulting and is offset from the remainder of the East Indian margin via the Coromondal dextral transfer fault, which runs north to meet another NE-trending orthogonal rift zone at Krishna-Godavari [Sinha et al., 2010] . A recent analysis of litho-and tectono-stratigraphy in the Ariyalur outcrop of the Cauvery Basin suggests that the onset of rift-related subsidence occurred during the Barremian-Aptian and that riftrelated extension ceased in the Cenomanian or Turonian [Watkinson et al., 2007] . Apart from the opening between India and Antarctica, the only time a spreading center was near Sri Lanka was when India, Madagascar, and Antarctica began to separate from~94 Ma. Spreading between India and Sri Lanka~94 Ma would entail a rather complicated seafloor-spreading scenario involving a quadruple junction between India, Sri Lanka, Madagascar, and Antarctica. Cenomanian or Turonian subsidence in the Cauvery Basin [Watkinson et al., 2007] could have resulted from a second phase of rifting or from a long, slow rifting of Sri Lanka from India, although this is not implied by our model. We propose that the subsidence could have been related to the basin's interaction with the Marion and Crozet hotspots. At 106 Ma, the Cauvery Basin was proximal to the Marion hotspot (~500 km) and located directly over the Crozet hotspot. By the Cenomanian (Figure 9d ), the Cauvery Basin had migrated~600 and 300 km away from the Marion and Crozet hotspots, respectively, possibly leading to the thermal subsidence.
[35] Curray [1984] suggested that Sri Lanka became isolated by a failed rift, where rifting between India and Antarctica initially separated Sri Lanka from India along the Mannar Gulf, the basin immediately west of Sri Lanka (Figure 3) . Desa et al. [2006] suggest that a~200 km long NE-trending linear feature between India and Sri Lanka could represent the failed rift (thin, dashed red line, Figure 8b ) and that two strong linear gravity lows, one parallel to Indian coast and the other subparallel to Sri Lankan coast, could either represent the transform ridges or the margins of India and Sri Lanka, respectively (thin, dashed black lines, Figure 8b ). The Gulf of Mannar is considered the southeastern sub-basin offshore to the Cauvery Basin/rift zone, as horst-grabens in both regions share the similar northeast strike and major sequence boundaries in their stratigraphy [Rao et al., 2010] . Seismic data indicate that the Mannar Basin contains Late Jurassic-Early Cretaceous to recent sediments [Baillie et al., 2004] . The Mannar sub-basin also contains pre-Albian planktonic foraminifera in sediments on the Sri Lankan side [Rana et al., 2008] . This suggests that Upper Jurassic-Lower Cretaceous continental extension or seafloor spreading between India and Antarctica was at least partly responsible for locating Sri Lanka to its present-day position, while the accumulation of oldest sediments may have been a consequence of Africa and East Gondwana separation, which started in the Late Jurassic [e.g., Konig and Jokat, 2006] . Intrusives identified within Turonian sediments in the Mannar sub-basin, recently ArAr dated to~89 Ma [Rathore et al., 2007] , match well with the age of volcanics off East Madagascar [Torsvik et al., 2000] , supporting an impact from that event too, although it may not have culminated in more relative motion between India and Sri Lanka. A recent thermochronological study of Sri Lanka's basement rocks identified at least five episodes of thermal overprinting [Emmel et al., 2012] . One episode at~120 Ma coincides with our modeled diachronous rifting between Sri Lanka and Antarctica, another at~94 Ma has WNW-extensional kinematic indicators and coincides with our modeled Madagascar-India separation, but the NS-oriented extension of the~144 Ma event appeared in a reconstruction showing seafloor spreading south of Sri Lanka~134 Ma [Desa et al., 2006] , with India and Sri Lanka having already separated.
Conclusions
[36] Consideration of the regional framework is essential to build accurate plate tectonic models. Within a regional Indian Ocean framework, we re-identify the magnetic anomalies off the East Enderby margin as the conjugate series M4/126.7 to M0/120.4 Ma. When Greater India began migrating from Australia-Antarctica at~136 Ma about a southern pivot near Sri Lanka, it detached from north/east to south/west. Seafloor spreading started in the Enderby Basin at~126.7 Ma/M4 and progressed westward to Sri Lanka to create a seafloor east of the Gunnerus Ridge from 126 Ma. However, overlap between Sri Lanka and the Enderby margin, to within~600 km east of the Gunnerus Ridge, persisted until~116 Ma as Sri Lanka separated from SE India, from west to east. The spreading ridge east of Sri Lanka then relocated north at~115 Ma, transferring the Elan Bank and South Kerguelen Plateau to the Antarctic plate. Much of this conjugate magnetic anomaly sequence is now overlain by the South Kerguelen Plateau, which may include continental basement transferred from India to Antarctica, perhaps along with the Elan Bank~115 Ma.
[37] Our younger opening time for the Enderby Basin resolves the problem of back-and-forth strike-slip motion between Madagascar and India, modeled in other reconstructions. In the absence of magnetic anomaly or other age date for the CNS seafloor, we fix Greater India to Africa until the former is located in a position where a change in its motion allows India to reach its final destination, creating the bending fracture zones in the Wharton and Enderby basins, based on the assumption that the bends are coeval (otherwise the Indian plate would have deformed). To accurately form the bend/curved fracture zones, we identify dextral-transtensional motion between Madagascar and India from~100 Ma, with their southern margins forming from~94 Ma, perforating their northern margins by 84 Ma. Such motion, where Greater India pivots anticlockwise about its western edge, forms a tighter bend to its south, as observed in the Enderby Basin, and an open curve further east, as observed in the Wharton Basin. This scenario fits well with the major spreading reorganizatioñ 100 Ma. This spreading reorganization then caused the conjugate Kerguelen Fracture Zone and a portion of the 85 E Ridge to form.
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